ChimeriVax-JE is a live, attenuated recombinant virus prepared by replacing the genes encoding two structural proteins (prM and E) of yellow fever 17D virus with the corresponding genes of an attenuated strain of Japanese encephalitis virus (JE), SA14-14-2 (T. J. Chambers et al., J. Virol. 73:3095-3101, 1999). Since the prM and E proteins contain antigens conferring protective humoral and cellular immunity, the immune response to vaccination is directed principally at JE. The prM-E genome sequence of the ChimeriVax-JE in diploid fetal rhesus lung cells (FRhL, a substrate acceptable for human vaccines) was identical to that of JE SA14-14-2 vaccine and differed from sequences of virulent wild-type strains (SA14 and Nakayama) at six amino acid residues in the envelope gene (E107, E138, E176, E279, E315, and E439). ChimeriVax-JE was fully attenuated for weaned mice inoculated by the intracerebral (i.c.) route, whereas commercial yellow fever 17D vaccine (YF-Vax) caused lethal encephalitis with a 50% lethal dose of 1.67 log 10 PFU. Groups of four rhesus monkeys were inoculated by the subcutaneous route with 2.0, 3.0, 4.0, and 5.0 log 10 PFU of ChimeriVax-JE. All 16 monkeys developed low viremias (mean peak viremia, 1.7 to 2.1 log 10 PFU/ml; mean duration, 1.8 to 2.3 days). Neutralizing antibodies appeared between days 6 and 10; by day 30, neutralizing antibody responses were similar across dose groups. Neutralizing antibody titers to the homologous (vaccine) strain were higher than to the heterologous wild-type JE strains. All immunized monkeys and sham-immunized controls were challenged i.c. on day 54 with 5.2 log 10 PFU of wild-type JE. None of the immunized monkeys developed viremia or illness and had mild residual brain lesions, whereas controls developed viremia, clinical encephalitis, and severe histopathologic lesions. Immunized monkeys developed significant (>4-fold) increases in serum and cerebrospinal fluid neutralizing antibodies after i.c. challenge. In a standardized test for neurovirulence, ChimeriVax-JE and YF-Vax were compared in groups of 10 monkeys inoculated i.c. and analyzed histopathologically on day 30. Lesion scores in brains and spinal cord were significantly higher for monkeys inoculated with YF-Vax. ChimeriVax-JE meets preclinical safety and efficacy requirements for a human vaccine; it appears safer than yellow fever 17D vaccine but has a similar profile of immunogenicity and protective efficacy.
Japanese encephalitis virus (JE), a mosquito-borne flavivirus, is endemic-epidemic throughout Asia. JE causes a devastating acute neurological illness with a case-fatality rate of approximately 35%. In developed countries such as Japan, Korea, and Taiwan, the disease incidence has been reduced to a low level over the past 30 years due principally to routine childhood immunization; however, virus transmission continues in the enzootic cycle (involving mosquitoes, birds, and pigs), mandating continuing human immunization. Unimmunized expatriates living in Asia, tourists, and military personnel are also at risk.
Inactivated and live, attenuated vaccines prepared from primary hamster kidney cell cultures are used exclusively in China, whereas formalin-inactivated mouse brain vaccine is used elsewhere. These vaccines have certain disadvantages, which have been reviewed recently (2, 32) . A new, single-dose vaccine, manufactured in an acceptable cell culture substrate, inducing rapid onset and long-lasting immunity without the need for booster doses, and having a low incidence of adverse events would represent a marked improvement over existing products.
We have developed a JE vaccine candidate that is expected to meet these criteria. ChimeriVax-JE is a live, attenuated genetically engineered virus prepared by replacing the genes encoding two structural proteins (prM and E) of yellow fever virus (YF) 17D vaccine strain with the corresponding genes of an attenuated vaccine strain (SA14-14-2) of JE (3, 9) . The prM and E proteins contain critical antigens conferring protective humoral and cellular immunity against JE (13) .
Safety of the chimeric vaccine is ensured by deriving all genes from attenuated vaccine virus strains. The JE prM and E genes are from SA14-14-2, a live, attenuated JE vaccine strain licensed for use in China (32, 34) . The remaining genes of the chimeric virus, including the capsid gene and all of the nonstructural (NS) genes responsible for intracellular replication, are derived from YF 17D, a live, attenuated vaccine strain used over the past 60 years with an excellent record of safety and effectiveness. The vaccine elicits rapid onset of immunity, which is extremely durable (probably lifelong), and the vaccine is licensed by national control authorities worldwide (18) .
We previously reported preliminary results demonstrating preclinical activity of the ChimeriVax-JE vaccine in mice (9) and in a nonhuman primate model (20) . In this study, we extended the observations in monkeys and determined the effect of vaccine dose on the immune response and protection against challenge. Safety was assessed by measuring viremia, clinical signs, and neuropathological lesions after intracerebral (i.c.) inoculation of the virus. The neutralizing antibody responses to graded, subcutaneous (s.c.) doses of vaccine were determined. Immunity was severely challenged by the administration of a large dose of virulent JE by the i.c. route to vaccinated monkeys and controls. The results demonstrated that ChimeriVax-JE vaccine administered over a range of doses from 2 to 5 log 10 PFU was safe and elicited rapid onset of protective immunity. and necropsied. Surviving animals were bled 18 and 33 days after challenge for antibody tests. Cerebrospinal fluids (CSF) were collected by cisternal atlantooccipital puncture before challenge and 33 days after challenge.
Four additional unimmunized control animals were inoculated i.c. with JE IC-37 as part of a separate study to develop a model of lethal encephalitis (20) .
Monkey safety test. The monkey safety test was performed according to the U.S. Food and Drug Administration Good Laboratory Practice regulations (21 CFR, part 58) and also complied with regulatory guidelines of the European Community and Japan. The study was conducted according to the World Health Organization requirements for testing YF 17D vaccine for preclinical safety (33) , modified to include determinations of clinical laboratory tests and microscopic examination of multiple tissues in addition to brain. The study was performed at Sierra Biomedical Inc., Sparks, Nev. Twenty rhesus monkeys (10 male and 10 female) weighing 2.1 to 5.7 kg were obtained from the Tulane Regional Primate Center. One group of 10 monkeys received a single inoculation of YF-Vax into the frontal lobe of the brain, and a second group of 10 monkeys received ChimeriVax-JE FRhL 3 master seed. Each 0.25-ml inoculum contained 4.1 to 4.6 log 10 PFU of YF-Vax (determined by back-titration, depending on titer of individual single-dose vials of the vaccine) or 3.8 log 10 PFU of ChimeriVax-JE. Monkeys were evaluated for changes in clinical signs and body weight, and hematology and clinical chemistry determinations were performed preinoculation (day 1) and on days 2, 4, 6, and 31. The following tests were performed: serum sodium, potassium, chloride, carbon dioxide, total, direct and indirect bilirubin, alkaline phosphatase, lactate dehydrogenase, aspartate aminotransferase, alanine aminotransferase, gamma-glutamyltransferase, calcium, phosphorus, urea nitrogen, creatinine, uric acid, total protein, albumin, globulin, albumin/ globulin ratio, glucose, cholesterol, and triglycerides. Hematological parameters tested at the same intervals included total white cell count and differential counts, red cell count, hemoglobin, hematocrit, red blood cell indices, platelet count, and platelet, white, and red cell morphology. Viremia levels were measured on days 2 to 10 after inoculation, and neutralizing antibodies were measured on day 31.
On day 31, animals were euthanized and a full necropsy was performed. Brains and spinal cords were examined and scored for pathological changes as described by Levenbook et al. (16) and incorporated into a standardized neurovirulence test for YF 17D vaccine (33) . Tissue blocks of brain and spinal cord regions were fixed in formalin, dehydrated, and embedded in paraffin; 15-m sections were cut and stained with gallocyanin. Neurovirulence was assessed by the presence and severity of lesions in various anatomical formations of the central nervous system. Severity was scored within each tissue block using the scale specified by the World Health Organization (33) and described in Table 5 , footnote a. Structures involved in the pathologic process most often and with greatest severity were designated target areas, while structures discriminating between wild-type JE and ChimeriVax-JE were designated discriminator areas. As shown in a previous report (20) , the substantia nigra constituted the target area and the corpus striatum, thalamus, and spinal cord (cervical and lumbar enlargements) constituted discriminator areas (for details, see Table 7 ). Statistical comparisons of mean neuropathological scores (for the target area, discriminator areas, and target-plus-discriminator areas) were performed by Student's t test. All neuropathological evaluations were done by a single, experienced investigator who was blinded to the treatment code.
Viremia determinations. Virus titers in serum were determined by direct plaquing in Vero cells. Undiluted and serial 10-fold dilutions of serum in medium 199 or minimal essential medium containing 20% heat inactivated fetal calf serum were inoculated (0.1 ml) into duplicate wells of 12-well tissue culture plates containing monolayer cultures of Vero cells. After 1 h of adsorption at 37°C, wells were overlaid and stained for plaques using one of two methods. In one method, plates were overlaid with nutrient agarose, followed on day 4 with a second overlay containing neutral red; 24 h later, monolayers were fixed with formaldehyde and stained with crystal violet (see "Neutralization tests," below). In a second method, plates were overlaid with methylcellulose, which was removed on day 6, and the cells fixed with formaldehyde and stained with crystal violet. The two methods were compared in multiple assays and shown to produce equivalent results.
Neutralization tests. Neutralizing antibody titers were determined by plaque reduction in Vero cells, without the addition of complement. Sera or CSF were inactivated (56°C, 30 min); 125 l of serial twofold dilutions of sample was mixed with an equal volume of virus suspension containing a nominal 120 PFU. The mixture was incubated (4°C, 18 h), and 0.1 ml was added to duplicate wells of Vero cell monolayers in 12-well plates. After 1.5 h of incubation at 37°C, the first overlay (0.6% agarose containing 3% fetal bovine serum, 1% glutamine, 1% HEPES, and antibiotics in medium 199) was added to the wells, and plates were returned to the incubator for 4 days, when a second agarose overlay containing 3% neutral red was added. Twenty-four hours later, monolayers were fixed with formaldehyde and stained with crystal violet. The antibody titer was the highest dilution of antibody reducing the number of plaques by 50% compared to the plaque titer in a mixture of virus with serum from the same monkey obtained prior to immunization.
Neutralizing antibody titers were measured to the homologous virus (ChimeriVax-JE), the challenge virus (IC-37), plus other selected wild-type JE strains representing the known genotypes of JE (4, 6), as described by Wills et al. (32a 
RESULTS
Nucleotide sequence. The nucleotide sequences of the prM and E genes of ChimeriVax-JE were compared to published sequences of JE SA14-14-2 and selected wild-type JE strains, including the parental virus from which SA14-14-2 was derived (SA14) and the virus used for challenge, JaOArS982 ( Table 1) . The sequence of ChimeriVax-JE FRhL 5 was identical to that of a previously sequenced chimeric construct derived by transfection of Vero cells and passage in Vero and FRhL cells (9) and to the published sequence of JE SA14-14-2 vaccine passed in primary hamster kidney cells (1) . An attenuated JE SA14-14-2 strain passed in primary hamster kidney and then in primary dog kidney cells had amino acid residues E177 and E264 identical to the parental SA14 strain, possibly indicating reversion during passage (23) . Thus, attenuated strains, including ChimeriVax-JE, differed from virulent wild-type virus strains at a minimum of six amino acid residues (E107, E138, E176, E279, E315, and E439).
Mouse neurovirulence. No mouse inoculated with graded doses of ChimeriVax-JE FRhL 5 showed signs of illness or died, whereas YF-Vax caused lethal encephalitis (Fig. 1) . The 50% lethal dose (LD 50 ) of YF-Vax was 1.67 log 10 PFU. In a second experiment, none of 10 mice inoculated with 2.8 log 10 PFU of ChimeriVax-JE FRhL 3 master seed or five diluent controls showed signs of illness or death, whereas all of five mice inoculated with 3.8 log 10 PFU YF-Vax developed illness, and four died.
Viremia and neutralizing antibody response to s.c. immunization. All 16 monkeys inoculated by the s.c. route with 2.0 to 5.0 log 10 PFU of ChimeriVax-JE FRhL 5 developed brief, lowlevel viremias ( Table 2 ). The mean peak viremia (1.7 to 2.1 log 10 PFU/ml) and mean duration (1.8 to 2.3 days) were nearly identical across the different dose groups. The onset of viremia was related to dose; onset in monkeys inoculated with 5.0 log 10 PFU was on days 2 to 3, while onset in those inoculated with 2.0 log 10 PFU was on day 4.
As expected based on the detection of viremia, all 16 immunized monkeys seroconverted. The kinetics of the neutralizing antibody response were dose dependent; monkeys receiving higher doses had earlier onset of immunity (Table 3) . Monkeys inoculated with 4.0 or 5.0 log 10 PFU had detectable neutralizing antibodies on day 6 or 7, while most monkeys receiving 2 or 3 log 10 PFU developed antibodies on days 8 to 10. Antibody levels increased rapidly in all animals during the second week after inoculation, and high titers were attained by day 30 in all groups. Geometric mean titers on days 30 and 52 (prechallenge) were not statistically different across the dose groups by analysis of variance methods. The postchallenge antibody response is described below.
The four monkeys in the highest-dose group (5.0 log 10 PFU) were tested for neutralizing antibodies to heterologous (wildtype) JE strains (Table 4) . Antibody titers to the homologous (vaccine) strain were Ն4-fold higher than titers to the heterologous strains. Two monkeys with the lowest homologous antibody titers had no detectable antibodies (at a serum dilution of 1:20) against JE Korea, JKT-1724 (Indonesia), or P-20778 (India). However, all monkeys developed antibodies to the virus used for challenge (JaOArS892 and IC-37, derived from an infectious cDNA clone of JaOArS892) (31) .
Protection against i.c. challenge. All immunized monkeys and two sham-immunized controls were challenged i.c. on day 54 with 5.2 log 10 PFU of IC-37 virus (determined by backtitration of the inoculum). None of the 16 immunized monkeys developed signs of illness, whereas both sham-immunized controls developed severe encephalitis and were euthanized on day 11 after inoculation. None of the immunized monkeys developed viremia during the 10-day postchallenge interval, whereas both controls developed low-level viremias (monkey ChimeriVax-JE FRhL 5
a A full-length infectious clone (IC-37) of JaOArS982 was used to challenge monkeys in the protection study. Six residues that distinguish ChimeriVax-JE and SA14-14-2 vaccine from wild-type, virulent strains are shown in boldface.
b Isolated from primary dog kidney. c Isolated from primary hamster kidney.
AI63, days 1 to 3, peak titer of 1.7 log 10 PFU/ml; monkey AH27, days 1 and 2, peak titer of 1.3 log 10 PFU/ml). Pathological examination of brains and spinal cords was conducted at the time of euthanasia of control monkeys and 30 days after challenge of protected, immunized monkeys. Tissues from four unimmunized monkeys inoculated i.c. with a similar dose of IC-37 (5.4 log 10 PFU) during a previous experiment (20) were also evaluated pathologically (Table 5) . Control monkeys that developed clinical signs of encephalitis had the most severe pathological changes. Although no uninoculated control monkeys were included in this test, most immunized monkeys challenged i.c. with wild-type JE had some residual histopathological changes 30 days after challenge, which were significantly (P Ͻ 0.0005, two-tailed t test) less than for the a 50% plaque reduction neutralization measured against homologous virus. Sera were tested for antibodies on days 1 to 4 after immunization and found negative (data not shown). Monkeys were challenged by the i.c. route with wild-type JE on day 54, and antibody levels were determined 18 and 30 days after challenge.
b GMT, geometric mean titer (positive sera only). Where the endpoint was not determined, the lowest possible titer was used in the calculation (e.g., Ն160 taken as 160).
unimmunized controls. Interestingly, there was a relationship between vaccine dose and the severity of residual changes, with the monkeys given 2.0 log 10 PFU of the vaccine having the lowest mean score (analysis of variance P ϭ 0.0175). Because of variability in the lesion scores, trend (linear regression) analysis showed a weak correlation between dose and combined lesion score (r 2 , 0.34; standard error, 0.40). To further examine the relationship between humoral immunity and protection, neutralizing antibody levels were measured in serum during the postchallenge period and in CSF before challenge and at sacrifice 30 days after challenge. Of 16 immunized monkeys, 13 developed significant (Ն4-fold) increases in serum neutralizing antibody titers after i.c. challenge (Table 3 ), indicating that the challenge virus replicated in brain tissue and stimulated a booster immune response. Of the three monkeys that showed no increase in antibodies, two (AG72 [2 log 10 PFU dose group] and AP54 [3 log 10 PFU dose group]) represented the only monkeys that showed no pathological signs of subclinical encephalitis at necropsy (Table 5) .
Only one monkey (AP03, 4 log 10 PFU dose group) had detectable neutralizing antibodies in CSF (1:20 against the homologous virus) on day 52 (prechallenge), demonstrating the inaccessibility of the central nervous system to blood-borne antibodies. However, at necropsy, 30 days after challenge, most monkeys had high levels of antibody in the CSF (Table 6 ). The only exceptions were the two monkeys (AG72 and AP54) that had no pathological response and did not show a boost in serum antibody after challenge. Neither sham-immunized monkey had detectable antibodies in CSF at the time of illness and euthanasia.
Monkey safety tests. ChimeriVax-JE FRhL 3 and YF-Vax were compared with respect to neurovirulence and other markers in a Good Laboratory Practice study in which each virus was inoculated by the i.c. route into 10 rhesus monkeys. None of the 10 monkeys inoculated with ChimeriVax-JE developed signs of clinical illness, whereas 4 of 10 (40%) of those inoculated with YF-Vax developed signs of central nervous system dysfunction (tremors) with onset on days 15 to 19 after inoculation, lasting 4 to 15 days. All animals survived, with clinical signs resolving spontaneously; none of the animals developed motor weakness or paralysis. Mean and maximum mean clinical scores were significantly higher in the YF-Vax group (Table 7) . There were no changes in body weights, serum chemistry, or hematology tests attributable to either virus.
Viremia was detected in 8 of 10 monkeys inoculated i.c. with ChimeriVax-JE FRhL 3 master seed and in 9 of 10 monkeys inoculated with YF-Vax (Fig. 2) . ChimeriVax-JE viremias were lower than those produced by YF-Vax; the dose of YFVax administered was two to six times higher than that of ChimeriVax-JE, depending on the vial of YF-Vax used ( Table  7) . The viremia safety specifications for YF 17D vaccine (33) were met by both ChimeriVax-JE and YF-Vax; these specifications require that no monkey shall have a viremia exceeding 500 mouse (LD 50 )/0.03 ml or the equivalent in PFU and in no more than one case shall the viremia exceed 100 mouse LD 50 / 0.03 ml. We determined that YF-Vax contained 1.67 log 10 PFU per mouse LD 50 . The highest viremia in either test group was 2.18 log 10 PFU (equivalent to 3.3 mouse LD 50 ). All monkeys developed high levels of neutralizing antibodies on day 31 to the virus used for i.c. inoculation (data not shown).
Complete autopsies were performed on all animals, with microscopic examination of heart, kidney, spleen, adrenal glands, and liver. Histopathologic alterations included minor, focal mononuclear infiltrates in the liver, kidneys, and heart, as well as mineralized foci in the adrenals of some animals. These lesions were interpreted as incidental to the challenge viruses and are commonly observed in rhesus monkeys. One monkey inoculated with YF-Vax had amyloid protein deposits in the red pulp of the spleen, presumed to be a preexisting condition.
The principal histopathological findings were limited to the brain and spinal cords (Table 7) . Lesion scores were significantly higher for monkeys inoculated with YF-Vax than for those given ChimeriVax-JE. The combined target-discriminator scores (Ϯstandard deviation) for YF-Vax and ChimeriVax-JE were 1.17 (Ϯ0.47) and 0.29 (Ϯ0.20), respectively (P ϭ 0.00014, t test). Although the main symptom in monkeys with encephalitic signs was tremor, which may reflect lesions of the cerebellum, thalamic nuclei, or globus pallidus, there was clear relationship between clinical and histopathological score. The cerebellar cortex and/or nucleus dentatus and other cerebellar nuclei were evaluated histopathologically in all animals, and no lesions were found in these structures.
DISCUSSION
The chimeric virus constructed from the envelope (prM and E) genes of an attenuated JE vaccine strain (SA14-14-2) and the capsid and NS genes of YF 17D vaccine was significantly less neurovirulent for mice and rhesus monkeys than YF 17D vaccine and had a neurovirulence profile similar to that of the JE SA14-14-2 vaccine strain (32, 34). Chambers et al. (3) previously reported that a chimeric virus incorporating the prM and E genes of a wild-type (Nakayama) JE strain in the same YF 17D infectious clone had a neurovirulence profile in mice similar to that of YF 17D but was less virulent than JE Nakayama. Thus, both the prM-E and YF NS genes play a role in attenuation of ChimeriVax-JE. Ni and Barrett (21) found that attenuated JE variants bound less well to brain tissue than wild-type virus, presumably due to a mutation at amino acid residue 306 in domain III of the E protein. One amino acid in the SA14-14-2 sequence (E315 A3V) occurs in a contiguous region of domain III, and this portion of the envelope has been implicated in neurovirulence of several flaviviruses (reviewed in reference 25). However, it is unlikely that E315 determines attenuation of ChimeriVax-JE or SA14-14-2 vaccine, since some substrains of virulent parental SA14 virus have valine at this position (9, 20) .
A total of six amino acid residues in the E gene distinguish JE SA14-14-2 from wild-type JE ( Table 1 ). The contribution of these six mutations to the attenuated phenotype of JE SA14-14-2 and ChimeriVax-JE is under study in our laboratory (J. Arroyo et al., unpublished data); the results, to be published elsewhere, indicate that at least three of the six SA14-14-2-specific mutations are required for attenuation. Based on a comparison of the sequences of JE attenuated strains in the lineage of SA14-14-2 (23) and on the observation that a single site mutation at E138 attenuated wild-type JE (31), amino acids E107, E138, E176, E279, and E439 are implicated in neurovirulence. The demonstration that multiple reversions to the wild-type residues are required to restore neurovirulence and that a chimera with a fully wild-type prM-E sequence has neurovirulence similar to that of YF 17D vaccine (3) provides a large margin of safety. Moreover, the ChimeriVax-JE sequence and attenuated phenotype were stable across multiple passages in cell culture and mouse brain (9). a Grade 1, minimal; one to three small focal inflammatory infiltrates. A few neurons may be changed or lost. Grade 2, moderate; more extensive focal inflammatory infiltrates. Neuronal changes or loss affects not more than one-third of neurons. Grade 3, severe; neuronal changes or loss affecting 33 to 90% of neurons; moderate focal or diffuse inflammatory changes. Grade 4, overwhelming. More than 90% of neurons are changed or lost, with variable but frequently severe inflammatory infiltration b Substantia nigra. c Corpus striatum and thalamus, right and left side (nucleus caudatus, globus pallidus, putamen, nucleus ant./lat. thalami, N. lat. thalami; cervical and lumbar enlargements of the spinal cord (six levels).
d Monkey inoculated i.c. with a similar dose (5.4 log 10 PFU) and methodology but in a separate experiment; these animals were examined in a previous study (20) , but the neuropathological assessment was repeated under code simultaneously with the other monkeys evaluated.
The safety of ChimeriVax-JE virus was rigorously studied in tests for neurotropism and viscerotropism in rhesus monkeys. Such testing is important because the chimeric virus encodes the E gene of a member of the neurotropic JE complex in the backbone of lymphotropic YF. The E gene contains determinants responsible for interaction with cell receptors, tropism, and virulence.
The histopathologic scoring methodology for neurotopism was developed by Levenbook et al. (16) and incorporated into biological standards for YF 17D vaccines (33) . Since YF 17D has a long history of safe use in humans, we used a commercial vaccine (YF-Vax) as a reference against which to compare ChimeriVax-JE in the monkey neurovirulence test. The brain lesion scores in monkeys inoculated i.c. with ChimeriVax-JE were significantly lower than those in monkeys inoculated with YF-Vax ( Table 7 ), indicating that the chimeric vaccine is likely to be even safer than YF 17D in humans. The dose of YF-Vax inoculated i.c. was slightly (two to six times) higher, but it is unlikely that this accounted for the difference in neurotropism. A previous study in which monkeys were inoculated with a dose of ChimeriVax-JE virus 250 times higher than the dose of YF-Vax also showed lower histopathological scores for ChimeriVax-JE (20) .
Although over 300 million doses of YF 17D vaccine have been administered, only 21 cases of postvaccinal encephalitis to YF 17D vaccine have been reported in the literature, the majority in infants Յ4 months of age prior to restriction of use of 17D vaccine to infants over 9 months of age (18) . The incidence of postvaccinal encephalitis in very young infants was estimated to be 0.5 to 4 per 1,000, whereas the risk of developing encephalitis in persons over 9 months of age is less than 1 in 8 million (18) . No case of postvaccinal encephalitis has been reported with the use of JE SA14-14-2 vaccine (32). As noted above, the neurovirulence of JE SA14-14-2 virus resembles that of ChimeriVax-JE and is less than that of YF 17D.
Viscerotropism of ChimeriVax-JE was assessed by measurement of viremia after i.c. and s.c. inoculation, by clinical chemistry tests, and by histopathological examination of visceral organs of monkeys. Viremia levels were low after s.c. inoculation (Table 2 ) and were lower than those produced by YF 17D after i.c. injection (Fig. 2) . No evidence for hepatic, renal, or myocardial or other organ dysfunction or pathology was found. Thus, no unexpected tissue tropism or altered pathogenesis was observed.
The most important aspect of this paper is the immunogenicity of ChimeriVax-JE when inoculated by the s.c. route. All monkeys given doses as low as 100 PFU developed low viremias and neutralizing antibodies and were solidly protected against challenge with wild-type JE. These results suggest that the ChimeriVax-JE vaccine will be as immunogenic as YF 17D vaccine, which elicits protective immunity when administered to monkeys at a similar dose (18) . The kinetics of the neutralizing antibody response were dose dependent (Table 3) . Monkeys inoculated with 4.0 or 5.0 log 10 PFU of ChimeriVax-JE (a dose similar to that contained in YF 17D vaccines) seroconverted by days 6 to 7. This finding suggests that ChimeriVax-JE vaccine will elicit rapid immunity in humans. Studies of YF 17D vaccine in rhesus monkeys also demonstrated appearance of neutralizing antibodies on day 6 or 7, at which time the animals were completely refractory to challenge (29, 30) .
The immunogenicity of ChimeriVax-JE virus compares favorably with that of YF 17D vaccine in rhesus monkeys. The dose of YF 17D vaccine conferring 90% protection against lethal YF challenge in rhesus monkeys is 200 mouse LD 50 (estimated to be equivalent to 4.0 log 10 PFU) and the 50% immunizing dose was 2 mouse LD 50 (approximately 100 PFU) (reviewed in reference 18).
In our study, wild-type JE inoculation directly into the brain served as a hypervirulent challenge and severe test of effective immunity. The natural route of infection by mosquito bite resembles experimental s.c. challenge (which does not cause encephalitis [20a] ), whereas experimental i.c. challenge with wild-type JE leads to uniformly lethal encephalitis (20) . An alternative to i.c. challenge is intranasal (i.n.) inoculation of high virus doses, which also causes encephalitis (10, 26) ; the i.n. route presumably leads to direct viral spread to the brain via olfactory neurons and is thus simply a delayed form of i.c. inoculation (19) . Both i.c. and i.n. challenge provide a reasonable approach to testing vaccine efficacy, since the incubation period of encephalitis is sufficiently long (8 to 12 days) to allow preexisting immunity to abrogate the infection. A vaccine capable of protecting nonhuman primates from i.c. or i.n. challenge will be even more effective against natural peripheral infection. In the immunized host, the virus inoculum injected by the infected mosquito during blood feeding would encounter neutralizing antibodies in extracellular transudate and lymph and would be inactivated before it could reach the brain or olfactory neurons. Since the inoculum is small, a low level of preexposure immunity is sufficient to protect against disease. The kinetics of JE neutralization in the presence of complement are extremely rapid. Virus that enters cells and escapes neutralization by antibody is eliminated by a second line of defense provided by cytotoxic T lymphocytes (CTLs). The E protein of JE (13) as well as NS proteins expressed by infected cells serve as targets for cell killing by CTLs. Since ChimeriVax-JE virus contains NS genes of YF 17D, anti-YF immunity (e.g., antibodies to YF 17D NS1 or CTLs directed against NS3) could modulate the immunogenicity of ChimeriVax-JE. This is an area of active study, but preliminary results in mice and monkeys have not demonstrated interference by YF immunity.
Protection against JE virus challenge is mediated principally by preformed neutralizing antibodies. In mice and monkeys, transfer of immune serum confers protection against challenge with JE (17, 35), and protection is directly proportional to the passive titer of neutralizing antibodies (17) . Hosts immunized in advance of exposure also have immunological memory, by virtue of T and B cells with high-affinity antigen receptors. Subsequent infection with wild-type JE results in rapid anamnestic responses. Very small amounts of viral antigen (e.g., that contained in the mosquito saliva inoculum) are sufficient to initiate anamnestic immune responses. These memory responses to JE do not depend on replication of live virus (15); thus, even a small amount of virus injected by a mosquito and sterilized by preexisting antibody in the host can generate a boost in immunity.
Recall immunity after challenge plays a critical role in protection against JE (14) . In our study, monkeys immunized with ChimeriVax-JE and challenged i.c. with wild-type JE had dramatic increases in serum neutralizing antibodies (Table 3) as well as the appearance of high neutralizing antibody titers in CSF (Table 6 ). The latter may have been the result of local antibody production or leakage of serum antibodies at sites of perivascular inflammation. Only 2 of 16 monkeys (AG72 and AP54) had no detectable CSF antibody response (Table 6 ). These animals also had no anamnestic serum antibody response to challenge (Table 3 ) and no evidence for residual histopathology (Table 5) . We have no explanation for these observations, since the prechallenge antibody responses of these animals were not distinguishable from other monkeys. It is possible that the challenge inoculum was delivered differently (e.g., into a ventricle rather than into brain parenchyma) or that the CTL response, which was not measured, cleared infected cells at a very early stage of infection.
An important consideration for the development of new JE vaccines is antigenic variation of wild-type JE strains. All JE strains belong to a single virus serotype as defined by neutral- (4, 11) and Indonesia/Australia (4, 5, 27) . Based on monoclonal antibody analysis, there is no correspondence between JE genotype and antigenic variation. Since multiple neutralizing epitopes are distributed across all domains of the E protein of flaviviruses (25) , it is likely that JE strains have evolved a degree of antigenic diversity but retain shared neutralizing epitopes representing critical functional determinants. The diversity of natural JE strains was reflected in the neutralizing antibody responses of monkeys immunized with ChimeriVax-JE expressing the E protein of a Chinese (genotype 1) virus; prechallenge neutralizing antibodies to heterologous strains were significantly lower than to the homologous vaccine and were undetectable (titer of Ͻ20) in some cases (Table 4) . Postchallenge anamnestic responses to heterologous strains were not measured in this study and will be reported elsewhere; however, it is likely that these responses would be characterized by a marked broadening of the antibody response across all JE strains (7, 12, 26) . Cross-protection between heterologous members of the JE antigenic complex has been repeatedly demonstrated (8) . In the present study, ChimeriVax-JE vaccine produced from a Chinese virus strain (JE SA14-14-2) protected against challenge with a JE strain of Japanese origin; in the future, protection against challenge with JE strains occurring elsewhere in Asia (and having recognized genotypic differences) may be a useful component of the preclinical testing program. The heterotypic nature of the anamnestic neutralizing antibody response may in fact be the most critical determinant of protection against JE antigenic variants and precludes the requirement to include multiple strains in an effective vaccine.
